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The search for subunits of the telomerase enzyme
has uncovered orthologs of the budding yeast Est1
protein in several species, including humans. Thus,
positive regulation of telomerase by Est1 appears to
be a widely utilized mechanism for maintaining
telomere length homeostasis.
The enzyme telomerase extends the 3′ single-stranded
termini of chromosome ends and thereby contributes
to complete replication of the genome in eukaryotes. In
single-cell organisms, such as yeast and ciliates, con-
stitutive levels of telomerase activity are necessary for
continued cell division. Telomerase expression in
human cells, however, is much more highly regulated,
with high levels of activity generally restricted to those
tissues that rely on continuous proliferation. Alterations
in telomerase function can have a substantial impact
on human health. In most human cancers, telomerase
reactivation correlates with oncogenesis [1], so there is
substantial interest in this enzyme as a potential target
for anti-cancer therapeutics. Conversely, defects in the
telomerase RNA subunit during normal development
can lead to aplastic anemia [2]. Even more intriguing is
a recent study indicating that increased rates of mor-
tality, from causes as diverse as cardiovascular
disease or infectious disease, correlate with shorter
telomeres in blood cell DNA [3]. So understanding the
multiple mechanisms that regulate telomerase may
provide important insights into the molecular basis for
such defects. 
One obvious means of regulation can occur via the
action of components of the telomerase holoenzyme
itself. Telomerase-associated subunits could, for
example, modulate the timing and extent of enzyme
activity as well as mediate access of telomerase to
telomeres. However, past attempts to recover proposed
regulatory subunits from human cells have not met with
much success. In contrast, characterization of telom-
erase from the budding yeast Saccharomyces cere-
visiae has been more fruitful, leading to the identification
of two regulatory components of the holoenzyme,
called Est1 and Est3, which are essential in vivo for
telomere replication [4,5].
A long-standing — and often disputed — question
has been whether orthologs of the Est1 and Est3
proteins would similarly contribute to telomere length
regulation in other species. This dispute has now been
unequivocally resolved — for Est1, at least — with four
recent papers [6–9] describing Est1 orthologs from
human cells, the distantly related fission yeast
Schizosaccharomyces pombe, and the fungal pathogen
Candida albicans [6–9]. Each of these Est1 proteins was
initially identified by sequence similarity, followed by
biochemical investigation that established association
with the telomerase enzyme. Furthermore, in both S.
pombe and C. albicans, loss of Est1 function was found
to confer a severe telomere maintenance defect,
although — as predicted from earlier results in budding
yeast — enzyme activity could still be recovered from
extracts prepared from these est1 strains [6,7]. 
Somewhat surprisingly, there are as many as three
Est1-like proteins in human cells, although only two
—hEST1A and hEST1B — have so far been shown 
to be enzyme-associated [8,9]. Overexpression of
hEST1A has been used to establish a role for this
protein in telomere length regulation: a substantial
reduction in telomere length occurred when hEST1A
levels were increased, but this effect could be reversed
by co-expression of the catalytic subunit of telomerase
[9]. Lingner and colleagues [8] observed an additional
striking consequence of hEST1A overexpression:
telomeres become uncapped, resulting in chromo-
some fusions and resulting inviability. This capping
defect might simply be a secondary consequence of
titration of another factor from the telomere. The more
intriguing possibility, however, is that at least one of
the human Est1 proteins will directly contribute to
chromosome end protection, in addition to a role in
length regulation — a proposal that is also supported
by a subset of unexpected phenotypes displayed by
the fission yeast est1 strain [6].
In fact, work on budding yeast had already
suggested that the Est1 telomerase subunit makes mul-
tiple contributions to telomere function [10]. A primary
activity proposed for Est1 is to recruit telomerase to the
single-stranded chromosome terminus, by acting as an
adaptor between the catalytic core of the enzyme and
the chromosome-bound Cdc13 protein. Missense
mutations that reduce the interaction between Est1 and
Cdc13 result in severe telomere shortening and even-
tual cell death [11], but these proposed recruitment
defects can be bypassed if telomerase is delivered to
the telomere through an alternative route [12,13]. 
As predicted by this model, the association of
telomerase with telomeres during late S phase, at the
time when telomerase normally acts, is reduced by a
recruitment-defective cdc13 mutation [14]. Unexpect-
edly, the catalytic core of telomerase is also present at
telomeric chromatin during other periods of the cell
cycle [14,15], when telomerase does not normally
elongate chromosome termini. This suggests that
telomerase catalytic core may be sequestered to sub-
telomeric heterochromatin until late S phase, when it
is recruited to single-stranded telomeric termini by
Est1 and Cdc13 to initiate elongation. Sequestration of
telomerase may provide an additional level of regula-
tory control, possibly by providing a barrier against
inappropriate action of telomerase at double-strand
DNA breaks [15].
A telomerase recruitment mechanism may also
operate in human cells. Impaired telomere replication,
as a result of mutations in a domain of the catalytic
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core of human telomerase, can be alleviated by fusion
to a telomere-bound protein [16], using an approach
very reminiscent to that used to assess recruitment-
defective Est1 and Cdc13 yeast proteins [12,13].
Furthermore, a stretch of sequence similarity between
homologous Est1 proteins (Figure 1), centered around
the region of Est1 that mediates interaction with Cdc13
[11], provides additional tantalizing support for a con-
served mechanism. The amino acid conservation in
this region suggests that the fission yeast Est1 and
hEST1B proteins will similarly interact with a telomere-
binding protein to promote access of the enzyme to
telomeres. An obvious candidate is the recently identi-
fied Pot1 protein, present in both human and fission
yeast cells, which binds single-stranded telomeric DNA
and shares structural features with Cdc13 [17,18].
The purified S. cerevisiae Est1 protein displays an
additional biochemical property, which is its ability to
bind single-stranded G-rich telomeric DNA, through an
interaction that depends on a free 3′ terminus [19].
Notably, the hEST1A protein displays a weak affinity in
vitro for single-stranded telomeric DNA [9], and
sequence identity between the Est1 homologs can be
observed in the region where DNA binding has been
mapped (Figure 1). Binding to telomeric DNA has been
proposed to occur after the enzyme has been recruited
to telomeres. In this model, Est1 first recruits telom-
erase to the ends of chromosomes, and subsequently
promotes accessibility of the enzyme active site to its
substrate (the 3′ terminus), thereby enhancing telom-
ere extension [10,12]. 
The identification of Est1 homologs argues that not
only the catalytic core of telomerase, but the holoen-
zyme as well, will be widely conserved — a proposal
which also implies that human Est3 subunit(s) are yet
to be discovered. These new studies have also raised
intriguing new questions. For example, are the various
activities of the budding yeast Est1 protein distributed
among the multiple human Est1 proteins, or is there
another regulatory implication — yet to be discovered
— of multiple human Est1 telomerase subunits? And
does Est1 directly contribute to chromosome end
protection, as well as telomere length regulation?
These questions illustrate how much is still to be
learned about how the telomerase enzyme — and
hence telomere replication — is regulated. 
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Figure 1. Est1 proteins from diverse species exhibit three conserved domains.
The alignment depicts proteins that have been verified as Est1 orthologs [4,6–10], plus two additional sequences from S. castelli and
S. kluverii that help illustrate regions of conservation. The complete budding yeast Est1 alignment was also used to establish the align-
ment shown here, so that the only permitted gaps are those that are compatible with the full alignment. The amino-terminal region of
S. carlsbergenesis EST1 has not been sequenced and so is absent from domain A. Amino acid identities or similarities (highlighted in
black or grey, respectively) are restricted to ≥5 identities and ≥6 similarities, to avoid the bias inherent with inclusion of four Saccha-
romyces Est1 protein sequences. Ebs1 paralogs, or uncharacterized open reading frames that exhibit partial sequence similarity but
have not been established as bona fide Est1 proteins (including the proposed hEST1C protein), are excluded from this alignment.
Exclusion of this class of proteins reveals the presence of a third conserved domain (domain C), which has previously been shown to
be required for interaction with both the Cdc13 protein and telomeric DNA [11,19]; the lysine that mediates interaction between the
Est1 and Cdc13 proteins [11] is highlighted in red. The proposed alignment of the human EST1B protein in the domain C region
exhibits a considerably weaker level of sequence conservation when compared to the full set of Est1 proteins; however, a notable
level of amino acid identity, indicated in orange, can be observed between hEST1B and the S. pombe Est1 protein in this region. A
potential domain C was not detectable in hEST1A. See [6–9] for a discussion of domains A and B.
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